The new rare earth fluoride borates RE 5 (BO 3 ) 2 F 9 (RE = Ho, Dy) were synthesized under highpressure/high-temperature conditions of 1.5 GPa, 1250 • C for Dy 5 (BO 3 ) 2 F 9 and 2.5 GPa, 1200 • C for Ho 5 (BO 3 ) 2 F 9 in a Walker-type multianvil apparatus from the corresponding rare earth oxides, rare earth fluorides, and boron oxide. The single-crystal structure determinations have revealed that both compounds are isotypic to the known rare earth fluoride borates RE 5 (BO 3 ) 2 F 9 (RE = Er, Tm, Yb). The new fluoride borates crystallize monoclinically in the space group C2/c (Z = 4) with the lattice parameters a = 2046.7(4), b = 615.9(2), c = 829.6(2) pm, β = 100.1(1) • for Dy 5 (BO 3 ) 2 F 9 and a = 2039.5(4), b = 612.7(2), c = 827.1(2) pm, β = 100.2(1) • for Ho 5 (BO 3 ) 2 F 9 . Three crystallographically different nine-fold coordinated rare earth cations can be identified in the crystal structure. All boron atoms build up isolated trigonal-planar [BO 3 ] 3− groups. In addition to the Raman and IR spectroscopic investigations, DFT-calculations were performed to support the assignment of the vibrational bands.
Introduction
The application of high-pressure/high-temperature techniques has led to a large variety of new fluoride borates. The first known compounds in the system RE-B-O-F were the rare earth fluoride borates RE 3 (BO 3 ) 2 F 3 (RE = Sm, Eu, Gd) [1, 2] and Gd 2 (BO 3 )F 3 [3] . They were synthesized by heating stoichiometric mixtures of RE 2 3 ] 3− anions replace the phosphate tetrahedra. Up to now, high-temperature syntheses under ambient pressure conditions did not lead to any dysprosium or holmium fluoride borates. In the last years, a breakthrough was achieved in the system RE-B-O-F via high-pressure/high-temperature experiments leading to the compounds Dy 3 (BO 3 ) 2 F 3 [5] , Dy 4 B 4 O 11 F 2 [6] and RE 2 (BO 3 )F 3 (RE = Dy, Ho) [7] , which are built up exclusively of isolated trigonalplanar [BO 3 ] 3− groups. With the syntheses of the compounds RE 5 (BO 3 ) 2 F 9 (RE = Er -Yb) [8 -10] , three new rare earth fluoride borates were added to the known RE-B-O-F phases. The rare earth fluoride borates RE 5 (BO 3 ) 2 F 9 (RE = Dy, Ho) here reported are isotypic to these compounds. As a common trend in high-pressure borates, the boron atoms favor the fourfold coordination upon increasing pressure, so in most cases, the trigonal-planar [BO 3 ] 3− groups transform into tetrahedral [BO 4 ] 5− groups at pressures larger than 10 GPa. Above this pressure, only a few compounds containing trigonal-planar [BO 3 ] 3− groups are known, e. g. Ho 31 O 27 (BO 3 ) 3 (BO 4 ) 6 [11] . Because of the relatively mild pressure conditions, all boron atoms of the compounds RE 5 (BO 3 ) 2 F 9 (RE = Dy -Yb) are coordinated by three oxygen atoms. In the following, we describe the synthesis, the single-crystal structure determination, and IR/Raman spectroscopic investigations of RE 5 (BO 3 ) 2 F 9 (RE = Dy, Ho) as well as quantum-chemical calculations of harmonic vibrational frequencies of Ho 5 (BO 3 ) 2 F 9 .
Experimental Section
Syntheses According to Eqs. 1 and 2, the syntheses of the compounds RE 5 (BO 3 ) 2 F 9 (RE = Dy, Ho) were achieved under high-pressure/high-temperature conditions. For Dy 5 (BO 3 ) 2 F 9 , the reaction was carried out at 1. glass tubes. These assemblies were heated under ambient pressure conditions in a tube furnace from the company Carbolite.
Crystal structure analyses
The isotypic compounds RE 5 (BO 3 ) 2 F 9 (RE = Dy, Ho) were identified by powder X-ray diffraction on flat samples of the reaction products, using a Stoe Stadi P powder diffractometer with Mo K α1 radiation (transmission geometry, Ge were isolated by mechanical fragmentation. The single-crystal intensity data were collected at room temperature using a Nonius Kappa-CCD diffractometer with graphite-monochromatized Mo K α radiation (λ = 71.073 pm). A semiempirical absorption correction based on equivalent and redundant intensities (SCALEPACK [17] ) was applied to the intensity data. All relevant details of the data collection and evaluation are listed in Table 1 for both compounds. According to the systematic extinctions, the monoclinic space group C2/c was derived in both cases. Due to the fact that the compounds RE 5 (BO 3 ) 2 F 9 (RE = Dy, Ho) are isotypic to RE 5 (BO 3 ) 2 F 9 (RE = Er -Yb) [8 -10] , the structural refinement was performed using the positional parameters of Er 5 (BO 3 ) 2 F 9 [9] as starting values (SHELXL-97 [18, 19] (full-matrix leastsquares on F 2 )). All atoms were refined with anisotropic displacement parameters, and the final difference Fourier syntheses did not reveal any significant peaks in both refinements. Tables 2 -6 
Vibrational spectra
The FTIR-ATR (Attenuated T otal Reflection) spectra of powders were measured with a Bruker Alpha-P spectrometer with a diamond ATR-crystal (2 × 2 mm 2 ), equipped with a DTGS detector in the spectral range of 400 -4000 cm −1 (spectral resolution 4 cm −1 ). 24 scans of the sample were acquired. A correction for atmospheric influences using the OPUS 7.0 software was performed.
Confocal Raman spectra of single crystals of Dy 5 (BO 3 ) 2 F 9 were measured in the range of 150 -4000 cm −1 , using a Horiba LABRAM HR-800 Raman micro-spectrometer under a 100 × objective (numerical aperture N.A. 0.9, Olympus, Hamburg, Germany). The crystal was excited by the 532.22 nm emission line of a 30 mW Nd:YAG laser (green). The laser focus on the sample surface was ∼1 µm. The scattered light was dispersed by a grating with 1800 lines/mm and collected by a 1024 × 256 open electrode CCD detector. Third order polynomial background subtraction, normalization, and band fitting by Gauss-Lorentz functions were done by the LAB-SPEC 5 software (Horiba). Ho 5 (BO 3 ) 2 F 9 showed a strong luminescence, which is typical for holmium-containing phases. Unfortunately, the strongest luminescence bands corresponded to the wavelengths of the common lasers used for Raman spectroscopy (532 nm, 632 nm, and 785 nm). Therefore, it was not possible to distinguish between luminescence bands and real absorption bands, which made a characterization of Ho 5 (BO 3 ) 2 F 9 via Raman spectroscopy impossible.
DFT calculation
In addition to the experimentally recorded IR spectrum of Ho 5 (BO 3 ) 2 F 9 , quantum-chemical computations of harmonic vibrational frequencies were performed using the CRYS-TAL 09 program [20 -22] . An important step of a quantummechanical calculation is the choice of an adequate basis set. A compromise had to be found between balancing computational effort and accuracy of the results. To reduce the computational effort, a basis set with an effective core potential (ECP) for holmium was chosen. A suitable basis set for the rare earth atom was identified based on geometry optimizations and calculations of harmonic vibrational frequencies of the high-pressure orthorhombic rare earth meta-oxoborate Ho(BO 2 ) 3 [23] . To consider the metastability of high-pressure modifications, the cell volume was kept constant during the geometry optimization. Allelectron basis sets were employed for boron [24] , oxygen [25], and fluorine [26] . Out of these results, the well tested ECP56MWB GUESS [27, 28] basis set was chosen for the rare earth atoms. All calculations were performed with the PBESOL functional [29] for the correlation and exchange functional, and the SCF convergence for the energy was set to 10 −12 E h . The overall computation time for the calculations of harmonic vibrational frequencies of Ho 5 (BO 3 ) 2 F 9 took 12 weeks on a cluster with 16 Opteron dual-core 2.8 GHz processors.
Results and Discussion

Crystal structure of RE 5 (BO 3 ) 2 F 9 (RE = Dy, Ho)
The crystal structures of RE 5 (BO 3 ) 2 F 9 (RE = Dy, Ho) consist of isolated trigonal [BO 3 ] 3− anions, fluoride anions, and three crystallographically different rare earth cations (Fig. 4) . Fig. 5 [8 -10] is formed. For a detailed description of the structure, the reader is referred to the isotypic compounds RE 5 (BO 3 ) 2 F 9 [8 -10] . In this paper, we briefly compare the isotypic phases RE 5 (BO 3 ) 2 F 9 (RE = Dy -Yb) and report the results of the DFT calculation. The charge distribution of the atoms in RE 5 (BO 3 ) 2 F 9 (RE = Dy, Ho) was also calculated via bond valence sums (ΣV ) using VALIST (Bond Valence Calculation and Listing) [33] and via the CHARDI (charge distribution in solids) concept (ΣQ) [34 -36] , verifying the formal valence states in the fluoride borates. Table 7 shows the formal ionic charges, received from the calculations, which correspond to the expected values.
Furthermore, the MAPLE values (MAdelung Part of Lattice Energy) [37 -39] [42] , HoF 3 [42] , and the high-pressure modification B 2 O 3 -II [43] . The deviations between the products and the sum of the educts amount to 1.2 % for the dysprosium fluoride borate and to 0.9 % for Ho 5 (BO 3 ) 2 F 9 . Table 8 and Fig. 6 show the values of the lattice parameters of the isotypic compounds RE 5 (BO 3 ) 2 F 9 (RE = Dy -Yb). The differences correspond to the decreasing ionic radii of the ninefold coordinated rare earth ions (Dy 3+ = 122.3, Ho 3+ = 121.2, Er 3+ = 120.2, Tm 3+ = 119.2, and Yb 3+ = 118.2 pm) [44] , which is based on the lanthanide contraction. Due to the fact that the size difference is marginal, no greater deviations of the bond lengths and angles are observed. A closer look at the lattice parameters a, b and c reveals the anisotropy of the structure. Lattice parameter b rises more than the lattice parameters a and c. 
Vibrational spectroscopy
The spectra of the FTIR-ATR measurements of RE 5 (BO 3 ) 2 F 9 (RE = Dy, Ho) are displayed in Fig. 7 . range of 3000 to 3600 cm −1 . Sample preparation outside the glove box led to O-H bands as described for RE 5 (BO 3 ) 2 F 9 (RE = Er, Tm) [9, 10] . A substitution of fluoride by hydroxyl groups can be assumed. For RE 5 (BO 3 ) 2 F 9 (RE = Dy, Ho), we could not notice a fluoride-hydroxide substitution.
In order to complete the spectroscopic characterization, Raman measurements were performed on single crystals of Dy 5 (BO 3 ) 2 F 9 . In Fig. 8 [9, 10] .
Density functional calculations of harmonic vibrational frequencies
Quantum-mechanical calculations of theoretical vibrational modes of large systems like Ho 5 (BO 3 ) 2 F 9 possessing several rare earth atoms are rarely found in literature. The calculation yielded 32 theoretically possible IR-active modes in the range 300 -1500 cm −1 . The accuracy of the calculations and the quality of the results were acceptable to support the assignment of experimental vibrational bands. All calculated vibrational modes showed a shift. This deviation results from the approximations in the DFT method and the calculation of just a single unit cell. Calculations of larger systems (supercells) were not possible. Moreover, the calculation did not consider the temperature effects (297 K for the experiment). Unharmonicity and the superposition of two Gaussian peaks in the experimental spectrum led to a slight shift of the maxima.
The most intensive bands were evaluated and compared with the experimental spectrum, as listed in Table 9 . As expected, in the region of higher wavenumbers the excitation occurred inside the trigonal [BO 3 ] 3− groups as boron-oxygen stretching. The high variation of B-O distances inside the isolated BO 3 groups led to a large range (870 -1365 cm −1 ) for the B-O stretching modes. Bands at lower wavenumbers are more and more dominated by bending modes. In the region 650 -750 cm −1 (calculated at 700, 699 and 662 cm −1 ), the first bending mode of a boron-holmium-oxygen unit is observed. In the calculated spectrum, the first stretching vibrations of the type s(Ho-F) are located at 502 cm −1 , and those of the type s(Ho-O) at 416 cm −1 .
Conclusions
With the synthesis of Dy 5 (BO 3 ) 2 F 9 and Ho 5 (BO 3 ) 2 F 9 , two new isotypic compounds in the series RE 5 (BO 3 ) 2 F 9 (RE = Dy, Ho, Er, Tm, Yb) were found and characterized. In accordance with the relatively mild applied pressures of 1.5 and 2.5 GPa, the structures consist exclusively of [BO 3 ] 3− groups. To investigate the stability field of this structure type, additional experiments will be performed with the neighboring rare earth cations Tb 3+ and Lu 3+ .
